Serotinous cones remain closed because of resins which seal the cone scales together. If sufficient heat is applied to the cone for some period of time, the resin bonds weaken and break, the cone scales reflex away from the cone axis, and seeds are released. Consequently, the opening of serotinous cones is at least a two-part process: (1) the resin bonds weaken and break, and (2) the cone scales reflex away from the cone axis. Hellum & Barker 1980 , 1981 . Clearly, the cone's temperature does not rise instantaneously to the same temperature as the heated ambient air. Resistance to heating occurs across the cone' s boundary layer and through the cone itself. Further, the heating is not steady state, but is transient, with a temperature gradient between the surface and interior. A good example of the limitations of temperature is a study by Cameron (1953) . He extracted the resin from six cones each of Pinus banksiana and Pinus contorta var. latifolia and determined the mean melting temperatures to be 50.0 ?C and 45.5 ?C respectively. This approach ignores the resistance of cones to heating and does not define the heat transfer process.
The best study on cone opening and cone ignition is by Beaufait (1960) . He recognized that the amount of time a cone is heated is important and constructed an empirical graph showing an exponential relationship between the temperature of heated ambient air and the time of exposure to these temperatures that results in cone opening and cone ignition. Unfortunately, he did not propose a heat transfer mechanism to explain this pattern.
Our purpose here is to: (1) construct a simple heat budget model that describes the mechanisms of transient cone heating, and (2) define the types of fire that result in cone opening and viable seed release. First, we will describe the heat budget in terms of the heating processes. Then we will explain how the thermal properties for the heat budget were determined. Next, we will compare the time and temperature of cone opening and ignition for cones observed, to that calculated by the heat budget model. Finally, we will relate cone opening and ignition to fire behavior characteristics, fire intensity (kW.m-1) and rate of spread (m.min-1) in order to address which types of fire result in cone opening and viable seed release.
Cone heat budget model
The heating of cones occurs by the processes of conduction (Fourier's Law) and convection (Newton's Law of Cooling). The heat budget in terms of conduction and convection respectively is:
where p is the density (kg-m-3), c is the specific heat Surface area (m2) of the cones was measured using PoropakTM which forms a monolayer on the cone surface. Knowing the Poropak surface area-weight relationship we determined the cone surface areas by measuring the weight of the cones before and after the addition of Poropak. Volume (m3) of the cones was determined using the water displacement method. Density 
where H is heat of ignition (12 700 kJ.kg-1), and W is total fuel consumption (kg.m-2).
Results and Discussion We have adopted a very simple heat budget model which relates the time to cone opening or cone ignition to both the temperatures in the convective column above a fire and the thermal properties of cones. Although simple, the model does trace the patterns of our data. Also, it clearly fits the patterns of cone opening and cone ignition given by Fig. 1 in Beaufait (1960) . This model is superior to the previous use of temperature alone as an indicator for cone opening because it gives (Fig. 3a) , a fire with intensity less than 900 kW-m-1 will never produce enough heat to open cones, no matter how low the rate of spread (i.e. how high the residence time). When the intensity is > 6000 kW.m-1, at these same low rates of spread, the cones will ignite, killing the seeds. Consequently, in trees that are 10 m tall, when fire intensities are between 900 and 6000 kW-m-1 and have low rates of spread, we expect cones to open but not ignite. As the values of intensity and rate of spread increase, cone opening increases rapidly.
Pinus banksiana and Pinus contorta regenerate best when there is full sunlight on the ground and exposed mineral soil. Using equation 6, we calculated the height of crown scorch for each intensity at which cones are (Fig. 3b) . This is the lowest intensity rate of spread combination in which cones will open in 20-m trees. Over the 10-20m range of heights, if the cones are opening (see Fig. 3 ), then the canopy will also be killed. Using equation 7, we calculated the total fuel consumption for the fire intensity and the fire rate of spread at which cones open. If I = 900 kW.m-1 and R = 0.12 m-min-1 the calculated surface fuel consumption is 39 kg.m-2. Thus this lowest intensity and rate of spread in which cones will open (see Fig. 3 ) result in fires with very high fuel consumption.
In trees 10 -20 m in height, their cones open and release viable seeds in fires with low rates of spread and high fuel consumption but not when the rate of spread is high and fuel consumption low. Consequently, fires with low rates of spread which have high fuel consumption result in a canopy that is killed and a forest floor on which a large amount of the mineral soil is exposed.
As tree (cone) height decreases, however, there is an increase in the range of fire intensity and rate of spread at which cones will open and release viable seeds. The types of fire opening cones will now include those with lower intensities and higher rates of spread. Thus, lowering the cone height increases the kinds of fire behaviour which leads to cone opening while raising the cone height limits the kinds of fire to slow moving, high fuel consumption burns. What we have shown is that there is a coupling between the birth (release) of seeds and the fire behaviour which is controlled by the height of cones above the ground.
